A gene for murlne |i heavy chain immunoglobulin has been Inserted into a bacterial expression plasmid containing the Eacherlchia coll trp promoter and rlbosome binding site. A low level expression of u protein was detected. Secondary structure analysis showed the presence of a hairpin loop burying the u. initiation codon. Alteration of secondary structure at this site by ollgonucleotide replacement mutagenesis revealed a correlation between u expression levels and accessibility of the ribosome binding site. Abolition of secondary structure increased u protein expression over ninety-fold, to a level approximately equal to that of a trpE-|i fusion protein using the native trpE ribosorae binding site.
INTRODUCTION
At the transcriptional level, those factors controlling gene expression In E.coll are well understood. For example, the role of the Pribnow box and -35 sequence elements, the interaction of repressor molecules with this region and the binding of RNA polymerase with subsequent initiation of transcription have been extensively studied (1, 2) . At the level of translation, the situation is less clear, especially with regard to some aspects of ribosome binding. It has been proposed that for maximal expression, the initiation codon and Shine-Dalgarno (S-D) sequence of the mRNA should be accessible to the 30s ribosomal subunit, and not buried in double-stranded regions of the molecule (3) (4) (5) (6) (7) . This conclusion has been based upon correlations between the levels of expression of genes on recombinant plasmids and theoretical determinations of the most stable secondary structures of the mRNA molecules that they encode. In addition, accumulating observations with native bacterial genes support the notion that secondary structure plays a role in determining the efficiency of mRNA translation. For example, alternative mRNA conformations in the region of the ribosome binding site have been proposed to regulate drug resistance gene expression in Gram-positive bacteria (8, 9) , regulate the co-ordinate expression of phage genes (10, 11) , bury non-initiation AOG and GUG codona (12) , and be the functional basis of mutations leading to decreased expression (13) .
Here we describe the expression of a marine [i heavy chain cDNA in E.coli, and experiments designed to test the significance of mRNA secondary structure, in the region of the ribosome binding site, on expression of n protein. Expression was accomplished by assembling chemically synthesized oligodeoxyribonucleotides and cloned cDNAs in an E.coli expression plasmid, containing the E.coli trp promoter, operator and leader ribosome binding site, so that the |i heavy chain is synthesized as a protein lacking a eukaryotic signal sequence, and presumably possessing an amino-terminal methionine residue (14) . The nucleotide sequence of the ribosome binding site (RBS) of the |i mRNA was altered by oligodeoxyribonucleotide insertion into the \i expression plasmid, and changes in levels of expression shown to correlate with changes in the potential secondary structures of mRNA molecules. These observations provide evidence that the sequestering of RBS sequences into double-atranded regions can markedly decrease the level of expression, presumably by inhibiting the initiation of translation.
MATERIALS AND METHODS

Chemicals and Cloning Procedures
Materials were purchased as follows: restriction enzymes (Bethesda Research Laboratories and New England Biolabs), T4 DNA polymerase (P-L Biochemicals), DNase I (Sigma), radioisotopes (Amersham), rabbit anti-mouse IgM (Bionetics) , antisera (Tago) . Unless otherwise stated cloning procedures were as described (15) .
Oligodeoxyribonucleotides were synthesized by the phosphotriester procedures (16) and had the sequences (5' >3'):
DNA sequencing was carried out using the dideoxy chain termination method (17, 18) . The Hpa I -Hind III fragment to be sequenced was cloned into Sma I -Hind III cut M13 mp9, using JM101 as host. Hpa I cuts between nucleotides -11 and -12 in the trp promoter (19) , and Hind III in the 3 The vector, pCT54Pst, was formed by inserting two pairs of oligonucleotides, R43 and R46, into the unique Bell site of pCT54. The sequence of R43 was shown, enclosed by a solid line. The oligonucleotides create a Pstl site, into which the 2.0kb u cDNA PstI fragment from pABu-11 or the 1.4kb y. Pstl fragment were inserted, to form pCT54n and pNPl, respectively. The p. cDNA Pstl fragment is shown with the coding sequence enclosed, the leader sequence indicated by hatching, and the 1.4kb fragment delineated. To create pNP2, pNPl and pCT54 were cut with Aval, and the pNPl fragment bearing the trp promoter was ligated to the pCT54u fragment bearing the 3 1 end of |i coding sequence.
promoter, operator and leader ribosome binding site, and the transcriptional terminator from the early region of bacteriophage T7.
The u gene was reconstructed into the expression vector pCT54 in a number of stages. A derivative of pCT54 (pCT54Pst) was constructed by cutting pCT54 at its unique Bel I site, and inserting two pairs of oligonucleotides R43, R46 ( (Table 1A) .
|i Protein Expression from pNP2 and its SI Derivatives
The expression of these constructs in E.coli B was examined in three experiments, and u concentrations determined by ELISA and expressed as relative units (ru), a measure of u concentration normalised to pNP9 (Table 1) . Altering the S-D to ATG distance with nuclease SI was found to increase the level of \i expression, relative to the parental plasmid pNP2, but only to a small extent (compare pNP9). The optimal S-D to AUG distance was found to be 9-10 nucleotides, as found in pNP9 and pNP261 respectively.
Secondary Structure Analysis
Analysis of the potential secondary structure of u mRNA encoded by pNP2
and pNP9 (one of the SI derivatives of pNP2) revealed an extensive array of possible hairpin loops. Attention was focused on the region of this mRNA containing the ribosome binding site since the sequestering of S-D sequences and initiation codons into secondary structure may Inhibit the initiation Table 1 . Nucleotide sequence of DNA from the S-D sequence (underlined) to the fourth codon for each construct. In three separate experiments. A, B and C, cultures of E.coll B harbouring plasmids were induced, and after about 30 hours, samples were removed and assayed for |i by ELISA. Results were expressed in relative units (ru) (no. of arbitary units of u per constant no. of cells) and then normalised to the result for pNP9 in the same experiment. Sequences and expression levels are given (A): for pNP2 and its SI derivatives; (B) : constructs with altered RBS secondary structures, pNP8 and pCT70. To test whether [i expression could be influenced by changes designed to alter potential secondary structure in the ribosome binding region we used synthetic oligonucleotides to mutagenise this region of \i mRNA. The plasmids were constructed by insertion of a pair of oligonucleotides between the blunted Cla I site and the 5' Pst I site of u in pNP2 (see Figure 3) .
The cloning strategy used to accomplish this, however, was multi-staged due to the presence of four Pst I sites in pNP2. We first constructed the vector pACYC184CM, which lacks Cla I and Pst I sites, by cutting pACYC184 (Table 1) .
it to form pCMjj. (Figure 3 ) . The vector pCMu contained unique Cla I and Pst I sites which were required for the oligonucleotide cloning (Figure 3) . pCMu was cut with Cla I to completion, blunted with nuclease SI, and then cut with Pst I. The cut plasmid was purified by agarose gel electrophoresis and ligated separately with pairs of oligonucleotides, with the latter in a 100-fold molar excess. The pairs of oligonucleotides used were: R131 and R132 (for pNPll); R196 and R197 (for pNP12); and R202 and R2O3 (for pNP14). The ligation mixture was used to transform HB101. Recombinant clones were detected by colony hybridisation, on nitrocellulose filters, using one of each pair of oligonucleotides as a probe. Positive clones were sequenced and shown to have the correct nucleotide sequence. The u sequences containing the cloned oligonucleotides were excised on Eco RV-Bgl II fragments. These were ligated to Eco RV-Bgl II cut pNP2 to reconstruct the full length u genes (Figure 3 ). Three different plasmids were created by these procedures; pNPll, pNPl2 and The BamHI fragment of pNP2, that bears the trp promoter and 5' |i coding sequence, was inserted into the unique BamHI site of pACYC184CM, to form pCMjl. The latter was cut with Clal, blunted with nuclease SI, and cut with Pstl. The large vector fragment was isolated from an agarose gel, and ligated with excess oligonucleotides. The hatched area shows the location of the inserted oligonucleotides. The ficoRV-Bglll fragment bearing the cloned oligonucleotides was ligated to the large EcoRV-Bglll fragment of pNP2 , to form pNPll, pNP12 or pNP14.
pNP14, having the nucleotide sequences shown (Table 1) .
In the construct pNPll we have abolished the potentially deleterious hairpin loop of pNP2 by changing the residues in the degenerate position of three codons and by introducing a different S-D to AUG sequence. These changes allow the region between the S-D and AUG to base pair with the 5' end of u coding sequence to form a hairpin loop of AG = -7.8 kcal, approximately equal to that of pNP2, but leaving the AUG and S-D sequences exposed (Figure 2 were grown in induction medium and samples removed for ELISA assay. The concentration of u was increased 6-7 fold in E.coli B cells containing pNPll relative to pNP9 (Table IB) . Plasmid pNPl2, which has the S-D to AUG sequence of pNPll, but the coding sequence of pNP9, showed only a two-fold increase in level of n expression compared to pNP9.
Plasmid pNP14, which has the S-D to AUG sequence of pNP9 but the 5 1 u coding sequence of pNPll, and thus differed from pNP9 only in three residues, was found to express u. protein over 90 times that found in pNP9.
We have also constructed a plasmid, pNP8, from which u. is expressed, also from the trp promoter, as part of a trpE-u. fusion protein containing the amino terminal 53 amino acids of trpE and the carboxyl terminal 503 amino acids of u. The rationale for making this fusion gene was that \i.
would be translated from an efficient bacterial ribosome binding site rather than from one of unknown efficiency. Then, by comparing the amounts of trpE-|i produced from pNP8 with those of n produced from the different constructs, an estimate of relative ribosome binding efficiency may be made. When the trpE-u gene in pNP8 was induced and the products quantitated by ELISA, it was found that the |i expression in strains containing pNP8 and pNP14 were very similar (Table IB) .
DISCUSSION
Mature u. when expressed in E.coli, in its non-glycosylated form, is a protein with a molecular weight of 63.5k, and as such, is one of the largest eukaryotic proteins synthesized in bacteria (34) . Other large eukaryotic proteins expressed in E.coli include human serum albumin of 67k (35) , vesicular stomatitis virus G-protein of 62k (36) , tissue plasminogen activator of 58k (37) , and influenza virus haemagglutinin of 61k (38) . Generally, such proteins have been expressed at low levels.
There are a number of reports indicating that changes in the RBS of mRNA transcripts from foreign genes in E.coli can alter protein yields, presumably by modulating the rate of translation initiation. Often, such changes have been generated by randomly varying the distance between the S-D and initiation ATG sequence elements of the RBS. We achieved this by cutting pNP2 at a unique restriction enzyme site between these elements, and utilizing the single-stranded and 'nibbling' functions of SI nuclease.
A distance of nine or ten nucleotides between the S-D and AUG sequences were found to give the highest levels of u expression. The same distance was found to give maximal expression of lambda light chain (39) , and flbroblast and leukocyte interferon (6) in E.coli.
In some cases, such changes in the RBS have been correlated with theoretical determinations of the most stable secondary structures of the resultant mRNA molecules, e.g. phage X cro (3), SV40 amall-t antigen (4, 5) and interferon (6) The plosmid pNP14 was constructed, such that it had the S-D to AUG sequence of pNP9, but the coding sequence of pNPll. The expression plasmid pNP14, therefore, differed from pNP9 in only three residues, those in the degenerate position of three codons, yet strains containing pNP14 expressed over ninety times more \i than those containing pNp9. This increase in expression cannot be explained on the basis of the three residue changes optimizing codon usage, for they introduce less favoured codons, as judged by the frequency of their occurrence in strongly expressed E. coli genes (31) . The increased expression is best explained by the abolition of the RBS hairpin loop in pNP9.
The magnitude of the increases in expression observed, and the few residue changes introduced, makes it difficult for these results to be interpreted in terms of changes in mRNA stability.
However, the possibility that the loss of this secondary structure eliminates a specific rlbonuclease cleavage site cannot be discounted. An RNase III cleavage site reduces the stability of the mRNA encoded by the bacteriophage X lnt gene (46) . The expression of pNPll was examined in an RNase III-deficient strain (BL107 rnc ) and its parent (BL15 rnc ) (47) . No increased level of expression was found in BL107 (data not shown) indicating that expression from pNPll is not affected by RNase III.
The expression of pNP8, which encodes the trpE-u fusion protein from a native trpE RBS, was also examined, and found to express at approximately the same level as pNPl4. This may indicate that the RBS of pNPl4 is equivalent to that of trpE in terms of its efficiency in directing translation initiation. The native trpE RBS of pNP8 and that of pNP14
were found to have no secondary structures hindering the use of their RBS sequences. The same was found for the mRNAs encoding chloramphenicol acetyltransferase (our analysis) and the lipoprotein of the outer membrane of E. coll (45), both highly abundant bacterial proteins.
The trpE gene on pCT37 (the parental plasmid of pNP8) produces up to 20% of total E. coll protein as trpE product (P.E. Stephens, personal communication), while pNP14 only produces up to 2% of total E. coll protein as ii. This result indicates that although the RBS of pNP14 may be as efficient as that of trpE, other parameters, such as protein instability and secondary structures outside the RBS, must also be considered if high expression levels are to be obtained. For example, the half-life of bacterially synthesized n protein has been shown to be increased in E. coll B relative to E. coll strain HB101 (27) , resulting in much higher steadystate levels of u protein.
The mature u gene has provided a good experimental system in which the effect of mRNA secondary structure changes in the region of the RBS could be assayed. The significance of the results has implications both for the future design of expression vectors and our understanding of native bacterial gene expression.
